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Thermal properties enhancement of nanofluids have varied strongly with synthesis technique, particle size and type, concentration and
agglomeration with time. This study explores the possibility of changing the thermal wave signal of Ag/clay nanofluids into a thermal
diffusivity measurement at well dispersion or aggregation of nanoparticles in the base fluid. Optical-Fiber Thermal-Wave-Cavity (OF-TWC)
technique was achieved by using a small amount of nanofluid (only 0.2 mL) between fiber optic tip and the Pyroelectric detector and
the cavity-length scan was performed. We established the accuracy and precision of this technique by comparing the thermal diffusivity
of distilled water to values reported in the literature. Assuming a linear Pyroelectric signal response, the results show that adding clay
reduced the thermal diffusivity of water, while increasing the Ag concentration from 1 to 5 wt.% increased the thermal diffusivity of the
Ag nanofluid from 1.524×10−3 to 1.789×10−3 cm2/s. However, in particular, nanoparticles show the tendency to form aggregates over
time that correlated with the performance change of thermal properties of nanofluid. Our results confirm the high sensitivity of OF-TWC
technique raises the potential to be applied to measuring the optical and thermal properties of nanofluids. Furthermore, this technique
allows the extraction of information not obtained using other traditional techniques.
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1 INTRODUCTION
Nanofluids are a new category of more efficient heat-transport
fluids that show promise in many applications, including in
medical therapies, heat generation, and heat transfer [1]. It
is important to study nanofluids with metal nanoparticles
(NPs), especially silver NPs (Ag NPs), to understand their ex-
traordinary thermal properties and how the size, shape, and
concentration of the NPs affect those properties [2]. The struc-
ture of the Ag/clay nanofluid reduces the probability of Ag
particles colliding, preventing particle aggregation and im-
proving long-term stability of the suspension [3, 4], based on
the crystalline structure and the interlayer spaces of montmo-
rillonite (MMT) clay [5]. However, in particular, NPs show a
much stronger aggregation tendency that strongly influence
on the local NPs concentration as well as thermal properties of
nanofluids [6]. Therefore, the effects of nanoparticle agglom-
eration over time is difficult to separate from thermal prop-
erty data of most of nanofluids. Although thermal properties
of nanofluids are intensely researched at present, studies on
thermal conductivity are more common in the literature than
those reporting on thermal diffusivity of nanofluids [7]–[10].
There is little thermal diffusivity measurement using thermal
lens spectrometry and the transient double-hot-wire method
[11, 12]. However, these techniques are disadvantageous be-
cause they require high-volume samples and are expensive
and their long measurement time, without according the ef-
fect of aggregation time. Additionally, the complexity of their
underpinning theoretical models can still be reduced while
maintaining accurate results. Finally, these methods often re-
quire high temperatures to obtain reasonable signal-to-noise
(SNR) ratios, which can increase the sample temperature and
thus the measurement error [13].
The photopyroelectric (PPE) technique, called thermal-wave-
cavity (TWC) technique, has been well established for non-
Received September 13, 2014; revised ms. received October 09, 2014; published October 24, 2014 ISSN 1990-2573
J. Europ. Opt. Soc. Rap. Public. 9, 14046 (2014) M. Noroozi, et al.
destructive measurement of thermal diffusivity, by a sensitive
pyroelectric sensor, in thermal contact with the sample [14].
This method can measure thermal diffusivity by analyzing
the amplitude of the pyroelectric (PE) signal from a cavity-
length scan or frequency scan. The major advantage of cavity
length scan is fixed the modulated frequency, which improves
the signal-to-noise ratio (SNR). In a previous work [15], we
developed the optical-fiber-based TWC (OF-TWC) technique,
which has many advantages over the traditional TWC tech-
nique, including its high sensitivity in PE signal, simple op-
eration, and low cost; it is especially advantageous because
of the smaller sample volume it requires, while, the measure-
ment time can be significantly shorter [16].
In the present study, we synthesized Ag NPs in the interlayer
spaces of MMT clay in an aqueous solution, and then used
the OF-TWC technique to measure thermal diffusivity of the
Ag/clay nanofluids as a function of the AgNO3 concentration.
The major advantage of this configuration is that a simple and
sensitive minimum volume PE cell is designed and fabricated
for room temperature measurement. The possibility of chang-
ing the PE signal into a thermal diffusivity measurement of
nanofluid over time and the effect of nanoparticle aggrega-
tion on thermophysical properties also was investigated. We
chose the OF-TWC technique because of its simplicity, short
measurement interval (5 min), and the small volume of liquid
required per measurement (0.2 mL), an essential feature when
dealing with expensive or difficult-to-synthesize samples.
2 BASIC PHOTOPYROELECTRIC THEORY
The principle and procedures of the PPE method, named
the OF-TWC technique, have been described elsewhere
[15, 16]. Matvienko and Mandelis (2006) [17] reduced the
three-dimensional model of the OF-TWC technique to a one-
dimensional model by using a thermal wave generator with
a larger diameter than that of the laser spot size. Considering
a thermal-wave (TW) generator with a larger diameter than
the thermal diffusion length of the sample, the temperature
field of the sample can be represented by a one-dimensional
model, and the PE signal detected at a fixed TW oscillation
frequency f = ω/2pi is given by [17]






where γ is the TW reflection coefficient and σ is the complex
TW diffusion coefficient σj = (1 + i)/µj, and µ = (α/pi f )1/2
is the thermal diffusion length of sample at frequency f . The
term Const (ω) in Eq. (1), is a complex expression containing
parameters including the laser intensity and thermal proper-
ties of the substances involved (the PE generator, PE detector,
and air surrounding the cavity); this term is independent of
the cavity length. The subscripts s, p, and lrefer to the plane
metallic light absorber (TW generator), PE detector material,
and liquid sample, respectively. In a thermally thick sample,
the thermal diffusion length is smaller than the thickness of
the sample’s thermally thick region (µs < Ls) [18]. For sam-
ples in the thermally thick condition, e−2σi li ≈ 0, Eq. (1) can be
written more simply as
|V( f , L)| = C( f )× e−L/µ (2)
where V and L are the amplitude of PE signal and the cavity
length, respectively, and α is the thermal diffusivity of the liq-
uid sample. The slope fitting parameter A = (pi f/α)1/2 of a
linear equation in a semilog scale, by monitoring the ampli-
tude of PE signal as a function of the cavity length (L), let us
directly determine the thermal diffusivity of a sample.
3 EXPERIMENTAL DETAILS
3.1 Synthesis of Ag/clay nanofluids
AgNO3 (99.98%, Merck, Darmstadt, Germany) was used as
the silver precursor, MMT clay powder (Kunipia-F, Tohoku,
Japan) was used as the solid support for the Ag NPs, and
NaBH4 (98.5%, Sigma-Aldrich, St. Louis, MO, USA) was used
as the reducing agent. All aqueous solutions were prepared in
double-distilled water. We prepared the Ag/clay nanofluid by
chemical reduction, as described in our earlier work [5]. The
samples contained 1, 2, or 5 g of Ag and 100 g of MMT clay.
Constant amounts of clay were suspended in different vol-
umes of 1×10−3 M AgNO3 aqueous solutions. These solutions
were stirred for 24 h at room temperature. Freshly prepared
NaBH4 (4 × 102 M) solution was then added to the AgNO3
to attain a constant molar ratio of 1:4 AgNO3/NaBH4. These
solutions were further stirred for 1 h. The suspensions were
then centrifuged, washed with double-distilled water to re-
move excess NaBH4, and dried under vacuum overnight. The
powders were then suspended again in distilled water and
dispersed with an ultrasonicator for 0.5–1 h to ensure proper
mixing of the Ag NPs into the solutions. We found that all
concentrations of Ag NPs were well dispersed in the fluids
and had formed stable suspensions. In order to investigation
the effect of agglomeration over time on thermal diffusivity of
nanofluid, the Ag/clay 5 wt% nanofluid, after one month stor-
age at room temperature, was stirred and then subjected to
probe sonication at 1 hour to obtain uniform dispersions. The
NPs in the nanofluids were characterized by using transmis-
sion electron microscopy (TEM; Hitachi H-7100, Tokyo, Japan)
and ultraviolet-visible absorption spectroscopy (PerkinElmer,
Waltham, MS, USA). Particle-size distributions were deter-
mined by using UTHSCSA Image Tool 3.0 software.
3.2 Thermal Characterizat ion
Our experimental method has been reported in detail else-
where [15, 16]. Briefly, as shown in Figure 1, a 200-mW CW
diode-pumped solid-state laser [MGL 150(10)] was modu-
lated to 6.8 Hz by using an optical chopper (SR540); this fre-
quency is considered optimal in our system for thermally
thick samples, both for detection and SNR at a satisfactory sig-
nal amplitude. The beam was focused onto an inlet with a di-
ameter of 2.25 mm in a single-core polymer fiber (RS 368-047)
with a core diameter of 1 mm. The modulated laser beam was
channeled through the fiber to illuminate a very thin silver-
metallized layer that coated the outlet fiber tip (1 mm thick-
ness), to act as thermal wave generator. Before coating the
end surface with silver conductive paint, it was coated with
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FIG. 1 (a) Schematic diagram of OF-TWC technique and (b) optical fiber and PE cell.
a very thin layer of matte black paint and polished to reason-
able flatness so it could efficiently convert light to heat. The
detection cell consisted of a sensitive PE detector made from a
polyvinylidene fluoride (PVDF) (MSIDT1-028K/L, thickness
of 52 µm). Used as a sample container, a plastic ring (diame-
ter of 1 cm) was glued to the top surface of the cell. The small
volume of the nanofluid (0.2 mL) filled the inner side of the
ring to a depth of ∼1 mm. The cavity-length scan was per-
formed by varying the distance L between the fiber tip and
the PE detector in resolution steps of 10 µm. The generated PE
signal, measured by the PE film detector, was analyzed by us-
ing a lock-in amplifier to obtain the PE amplitude and phase
signals. The noise level of the setup was ∼75 µV.
4 RESULTS AND DISCUSSION
4.1 Sample Preparation
In this research, MMT clay was appropriate as a stabilizer and
organic polymer media for reducing the AgNO3 using NaBH4
as the reducing agent. The Ag NPs formed in the interlayer
spaces of the MMT layers, separating the particles and pre-
venting agglomeration. In the Ag NP/clay nanofluid, a very
stable suspension in colloid form according to Eq. (3) as fol-
lows [19]:
Ag+/clay+ BH4− + 3H2O
→ Ag0/clay+ B(OH)3 + 3.5H2 (3)
Figure 2(a)–(c) shows TEM images of the Ag NPs, revealing
average particle sizes of 4.19, 6.74, and 9.17 nm at concen-
trations of 1, 2, and 5 wt.%, respectively. The Ag NPs were
spherical, but the MMT clay had nanofibrous shapes that only
could be observed with high-resolution TEM. The nanofi-
brous structure of the MMT forms a nanocomposite and sep-
arates the Ag NPs, making the Ag/clay a suitable structure
to support the Ag particles while controlling their size [3]–[5],
[20, 21]. Increasing the Ag NP concentration increased their
average size. We attribute this behavior to the action of the
FIG. 2 TEM images and the corresponding particle size distributions of prepared Ag NPs
in Clay suspension at different AgNO3 concentrations. (a) 1 wt %, (b) 2 wt %, (c) and
5 wt %.
clay as an effective protective reagent: as the concentration
increased, the basal plane of the clay layers could adsorb so
many NPs, leaving the rest free in the bulk solution to aggre-
gate and increase the average particle size [20]. Figure 3 shows
the ultraviolet-visible absorption spectra of Ag/clay nanoflu-
ids at different concentrations. The solution without NaBH4
(Figure 3(a)) exhibited no characteristic SPR band absorption
of the Ag NPs. In contrast, the solution with NaBH4 (figure
3b) exhibited the characteristic SPR band for the Ag NPs, at
∼ 420 nm, confirming their formation. Increases in the con-
centration of AgNO3 corresponded to increases in the peak
intensity absorption (λmax), Figure 3(b)–(d)) [22].
4.2 Experimental results:
4.2.1 Effect of concentration
We assessed and calibrated the accuracy of the experimental
system by measuring the thermal diffusivity of distilled water,
fitting the PE signal of the logarithmic amplitude (Eq. (2)) ver-
sus the cavity length. The average thermal diffusivity of water,
1.439±0.019×10−3 cm2/s, differed by <1% from literature val-
ues [22]. Figure 4(a) shows the amplitude of PE signal of clay
with and without Ag NPs as a function of the relative cavity
length. As shown in figure the PE signal in the sample attenu-
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ated rapidly to zero by increasing the cavity length. It is clear
from the figure that at high cavity length the anomalous signal
is very small, so the factor SNR is too small. Therefore, the PE
signals were fitted with only in the useful cavity length [24],
as can be seen in Figure 4(b). The curves of ln amplitude of PE
signal vs cavity length of clay with and without Ag NPs are
linear as shown in Figure 4(b). As a result, in a given intracav-
ity medium, the PE signal of sample is related to its thermal
diffusion length, samples with stronger PE signal had bigger
thermal diffusivity. Then the accuracy of PE signal for sample
with higher thermal diffusivity is stranger. Therefore, it is pos-
sible to have higher signal to noise ratio and the measurement
can be carried out in high and stable PE signal. Such results are
in accordance with the Photoacoustic method [23]. The less
steep of the PE signal curve for Ag/clay nanofluid indicate
that it has higher thermal diffusivity [24, 25] than the pure
clay suspension, as shown in Figure 4(a). The thermal diffu-
sivity average values can be calculated from the slope of the
linear part of the logarithmic amplitude of PE signal curves
using (Eq (2)). The slope of the PE signal curves will yield the
thermal diffusivity of the nanofluids. This allowed for maxi-
mum sensitivity in the PE signal with respect to the change in
Ag/Clay nanofluids. Figure 5 shows that the thermal diffusiv-
ity ratio (αnano f luid/αbase f luid,) of the nanofluids increased with
increasing nanoparticle concentration in the clay suspension.
Table I summarizes the slopes of the PE signal [ln(V)], and
the resulting thermal diffusivity values for colloidal Ag/clay
nanofluids with different NPs concentration.
The results show that the thermal diffusivity of Ag/Clay
nanofluids are higher than the thermal diffusivity of the clay
suspension. The reason for such anomalously high thermal
diffusivity was the small size of nanoparticles that allows
for more heat transfer between particle and base fluid and
FIG. 3 UV-vis absorption spectra of prepared Ag NPs in Clay suspension at different
AgNO3 concentrations, (a) AgNO3/Clay (b) Ag/Clay 1% (c) Ag/Clay 2.0% (d) Ag/Clay
5.0%.
high thermal conductivity of particle materials [26]. The re-
sults show possible enhancement of thermal diffusivity ra-
tio (αsample/ αbase fluid) of 1.08 for 1wt%, 1.11 for 2wt
%,and 1.27 for 5 wt% NPs concentration. As can be seen in
result, the nanofluids 1and 2 wt % concentration yields no
discernable changes in the ratio of thermal diffusivity, while,
the 5 wt% concentration yields a larger enhancement in ther-
mal diffusivity of nanofluid. Higher concentration in 5 wt%
yield much faster Brownian diffusion and larger enhancement
in thermal diffusivity [27]. Moreover, the increasing volume
of the nanoparticles paired with the decrease in the specific
heat of the nanofluids; consequently, the thermal diffusivity
of the nanofluid increases [26]. As the nanoparticle concen-
tration in the clay suspension increases, the quantity and size
FIG. 4 Measured (a) amplitude (b) logarithmic amplitude of the PE signal in clay with
and without Ag NPs as a function of the relative cavity length.
wt (%) A average α (10−3 cm2/s) αnano f luid/αbase f luid
0 124.92±0.98 1.403±0.021 -
1 119.89±0.91 1.524±0.023 1.08
2 118.46±1.13 1.559±0.029 1.11
5 110.69±0.68 1.789±0.022 1.27
TABLE 1 Summarized results for thermal diffusivity and the thermal diffusivity ratio (αnano f luid/αbase f luid,) of different AgNO3 concentrations.
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of the nanoparticles increase, decreasing the specific heat of
the nanofluid and increasing its thermal diffusivity. Similar
results have been reported for thermal diffusivity measure-
ments of metal nanofluids using the hot-wire method [11]–
[13]. Additionally, as the NP concentration increases, the ef-
fective surface area in the fluid can increase, increasing the
Brownian motion of the particles [26], which enables greater
aggregation over time.
4.2.2 Effect of Agglomeration time
To study the effect of agglomeration time on nanofluids,
first, UV-Visible spectroscopy was used to monitor how the
nanoparticles change over time. Figure 6 shows the absorp-
tion spectra of 5 wt% Ag/clay nanofluids for (a) before and (b)
after one month storage at room temperature. As can be seen
in Figure, there are a red shift of the absorption peak from 420
to 427 nm and the intensity of pick was decreased over time.
This means the agglomeration of AgNPs has occurred, and
the changed in dispersion intensity and the peak broadening
shows the Ag/clay nanofluid became unstable over time [22].
Figure 7(a)–(b)) shows TEM image of the particle size after one
month storage, from figure the clearly show the Ag NPs are
large and not uniform in size with the mean particle diameter
of 16.6 nm and standard deviation of 6.2 nm.
It is defined as agglomeration effect in the thermal diffusiv-
ity gradually decreases only 7.3% after this time. This results
show the Ag/Clay nanofluid has reasonably good stability be-
haviour and therefore the agglomeration time was in longer
time. The clay suspension can help to minimize aggregation
FIG. 5 Thermal diffusivity ratio (αnano f luid
/
αbase f luid) of Ag/Clay nanofluids at differ-
ent AgNO3 concentration 0, 1, 2 and 5 wt%.
of nanoparticles and restrict particle growth and can be good
candidates as a base fluid for heat transfer applications. How-
ever, even for the stable nanofluids, there is a possibility that
the agglomeration of nanoparticles over time decrease the
thermal diffusivity of nanofluids [28]. It is worthwhile to note
here that the observed thermal diffusivities are found to be
in good agreement with the earlier reported results [11]–[13],
[23, 27]. This implies that the OF-TWC technique is very sim-
ple, less time consuming and powerful method for the ther-
mal and optical characterization of nanofluids using laser.
5 CONCLUSION
We investigated the effects of concentration and agglomera-
tion of nanoparticles on the thermal diffusivity of colloidal
Ag/clay nanofluids prepared by using chemical reduction.
FIG. 6 The corresponding UV-Vis spectra of the 5 wt% Ag/clay nanofluid, (a) initial fresh
and (b) storage over one month; absorption peak was red-shifted and broadened.
FIG. 7 (a) TEM image of Ag NPs and (b) histogram distribution of the particle size.
Time hours A average α (10−3 cm2/s) αnanofluid/ αbasefluid
0 117.2 0.8 1.594 ±0.011 1.126
1 118.0±0.6 1.571±0.008 1.110
2 120.4±0.8 1.509±0.010 1.066
3 122.6±0.6 1.456±0.007 1.029
TABLE 2 Summarized results for thermal diffusivity of Ag NPs/ Clay nanofluids at different time.
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The interlamellar spaces of the clay offered high surface area
to support the Ag NPs, and the Ag/clay structure suitably
prevented agglomeration of the Ag NPs and controlled the
particle size. The thermal diffusivity ratio increased with the
concentration of AgNO3 over 1–5 wt.%. The agglomeration of
NPs over time results in not only the size of the cluster and
particles but also the decrease of thermal properties as well as
the thermal diffusivity of nanofluids. These results revealed
similar behaviors in how the NP concentration enhanced the
thermal diffusivity ratio compared with measurements using
previously reported techniques. Thus, the high sensitivity of
OF-TWC technique raises the potential to be applied to mea-
suring the optical and thermal properties of nanofluids, while,
and only required small amounts of sample (0.2 mL) per mea-
surement with short enough experiment time.
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